Abstract: Supercritical carbon dioxide (scCO 2 ) has been widely used in preparation of nanocomposite materials. However, so far there has been no report on preparation of nanocomposite hydrogels by intercalation of hydrophilic monomers into clay under scCO 2 condition. In this paper, the fast-swelling amphoteric nanocomposite hydrogels were prepared via the free radical polymerisation of acrylic acid (AA) and N- [3-(dimethylamino) propyl] methacrylamide (DMAPMA) in the presence of clay under scCO 2 condition. The composition of the hydrogel was determined by element analysis and Fourier transform infrared spectroscopy (FTIR). Transmission electron microscopy (TEM) and X-ray diffraction (XRD) results illustrated that the clay layers became disordered after intercalation by AA and DMAPMA under scCO 2 condition. The swelling kinetics and deswelling characteristics were tested. The results indicated that the hydrogels presented marked swelling rate in deionised or saline water and fast deswelling rate in alcoholic solution.
Introduction
Hydrogels are three-dimensional polymeric networks capable of adsorbing and retaining large quantities of water [1] . Owing to their special characteristic, hydrogels have wide application in a variety of fields, such as agriculture [2] and stimulus responsive materials [3] . However, the application of the conventional hydrogels is often limited owing to their high cost, low gel strength and slow swelling-deswelling rate [4] .
To overcome the limitation of high cost and low gel strength, inorganic fillers are introduced into polymer matrix as strengthening agents [5] [6] [7] [8] . Among the inorganic fillers, clay minerals have been paid special attention because of their low cost, small particle size and intercalation properties [9, 10] . The resultant clay-based nanocomposite hydrogels exhibit improved or even novel properties when compared to micro and macrocomposites. Therefore it is the key to achieve successful intercalation or exfoliation of clay for improving the mechanical properties of polymer/clay nanocomposites, especially in high clay content [11] . To achieve good dispersion, preliminary intercalation of clay was usually carried out by cationic surfactants [12] , ultrasonic irradiation [13] , and freezing/thawing [14] . Recently, a novel process has been developed for the intercalation of clay by soaking the clay in scCO 2 or scCO 2 /H 2 O biphasic media [15] [16] [17] . It was found that swelling degree of clay caused by intercalation of CO 2 strongly depended on the initial water content in the interlayer space. However, so far there has been no report on the preparation of nanocomposite hydrogels by intercalation of hydrophilic monomers into clay under scCO 2 condition.
To improve swelling-deswelling rate, one approach is to synthesise comb-like hydrogels by graft copolymerisation [18, 19] . The grafted hydrogel shows advantageous swelling kinetics, owing to the free mobility of the grafted chains. Another method used is to introduce pores in the hydrogel matrix. The formation of porous structures facilitates the migration of water through the large surface area contained within the pores.
Freeze-drying [20] , particulate leaching [21] , and gas-foaming methods [22] have been used to produce porous hydrogels. Among them, utilising scCO 2 for preparation of porous hydrogels was one of the most considerable methods owing to its effectiveness and environmental friendliness [23] . The amorphous nature of hydrogels makes it possible to dissolve CO 2 in water or adsorb CO 2 by the polymer matrix. Since the hydrogels possess a high interfacial area, the nucleation of CO 2 is more likely to occur heterogeneously at the water-polymer interface. In this paper, we utilised hydrophilic monomers DMAPMA and AA to modify montmorillonite (MMT) under scCO 2 condition followed by in-situ polymerisation to obtain amphoteric nanocomposite hydrogels. A small amount of water was added to promote the interaction between clay and monomers, allowing the clay to swell in scCO 2 [17] . The goal of the present study is to investigate the role of scCO 2 processing in
• promoting clay-monomers interaction
• forming nanocomposite hydrogel
• producing a porous structure.
To gain insights into the effect of preparation parameters, a series of samples had been prepared and characterised using XRD, TEM, Fourier transform infrared spectroscopy (FTIR), element analysis and swelling kinetics. The swelling kinetics of the scCO 2 -processed nanocomposite hydrogels were compared with those prepared through other techniques in the literature.
Experimental

Materials and instruments
Na-MMT with a cation exchange capacity of 0.69 mmol/g was obtained from Liding Natural Product Co. (Dalian, China). The CEC was determined by [Co(NH 3 ) 6 ] 3+ exchange. DMAPMA (99% purity) was purchased from Aladdin Chemical Co. AA was obtained from Tianjin Fuchen Chemical Reagent Factory. Ammonium persulfate (APS) and NaOH were purchased from Tianjin Chemistry Reagent Factory. The purity of the carbon dioxide from Urumqi Gas Factory was greater than 99.9%.The deionised water was used in all experiments.
The reaction was carried out using a 100 mL stainless steel reactor (model FYX-0.1; Dalian Tongchan High-Pressure Reactors Manufacturer Co., Ltd., China). Pressure gauge was used to adjust the pressure in the reactor. The temperature of the reactor was controlled by a thermostat oil bath. A magnetic stirrer was used to mix the reaction system.
Preparation of poly(DMAPMA-co-AA)/MMT amphoteric nanocomposite hydrogels
MMT was dispersed in deionised water at room temperature under continuous mechanical stirring for 24 h followed by removal of the sediment before obtaining a 4.3 wt.% aqueous dispersion of MMT. Typically, 0.2 mL of DMAPMA was added into the 8 mL of aqueous MMT dispersion and stirred for 10 min to make a uniform dispersion. Then 1.4 mL of AA was added and stirred for another 10 min. Afterwards, 0.589 g of solid NaOH was gradually added to the dispersion above to get a neutralisation degree of AA of 75 mol% under stirring in an ice bath. Then 0.38 g of APS was added under stirring. The dispersion was transferred into the autoclave. The autoclave was then sealed and immersed in an ice bath. CO 2 was purged to remove air from the vessel, and further filled with 50 g of CO 2 . Afterwards, the autoclave was placed in the oil bath and was gradually heated to 85°C till the pressure was increased to 13 MPa. The reaction was carried out under magnetic stirring. At the end of the reactions (5 h and 12 h, respectively), the reactor was cooled to room temperature, and CO 2 was vented rapidly from the vessel with a depressurisation rate of 10 bar/s. The resulting hydrogel was soaked in excess deionised water overnight to remove unchanged monomers before dewatering by ethanol and dried at 60°C for 24 h. Control sample was prepared following the same procedure except there was no CO 2 added.
Characterisation
FTIR measurements were performed on a Bruker Equinox55 FTIR spectrometer. The hydrogels were completely dried before measurement. All spectra in the range 500-4000 cm -1 with 2 cm -1 spectral resolution were obtained from compressed KBr pellets in which the samples were evenly dispersed. Elemental analysis of the hydrogel was performed with an Elementar Vario Micro Cube analyser from Elementar Analysensysteme GmbH. X-ray diffraction (XRD) patterns were using Cu Kα radiation on a Bruker D8 Advance diffractometer (Bruker, Germany). Transmission electron microscopy (TEM) images were obtained on a Hitachi H-600 transmission electron microscope with an accelerating voltage of 100 kV. Scanning Electron Microscopy (SEM) images of samples were obtained using (LEO-1430VP, LEO, Ltd, Germany) at an accelerating voltage of 20 kV. The hydrogels were allowed to reach swelling equilibrium in deionised water overnight prior to freeze-drying for 12 h. Afterwards, the hydrogels were coated with gold prior to SEM analysis.
Determination of swelling kinetics
The swelling kinetics were measured by immersing 0.05 g dry hydrogel with particle size of 80-100 mesh in 500 mL deionised water (or 250 mL 0.9 wt.% NaCl solution) and then weighing at different time intervals until the weight of the hydrogel remained constant. The swelling kinetic parameters can then be calculated according to a previously reported method [24] .
Results and discussion
XRD analysis
XRD was used to identify the dispersion of MMT in the polymer matrix. Figure 1 showed the X-ray patterns of pure MMT, poly(DMAPMA-co-AA)/MMT containing 15 wt.% of MMT at different polymerisation times and control sample in the spectral range of 2θ = 0-15°. The corresponding d001 diffraction signal of the pure MMT was detected at 2θ = 6.9°, corresponding to layer space d001 = 12.81 Å (Figure 1(a) ).
After in-situ polymerisation of hydrophilic monomers under scCO 2 condition, there was displacement of that peak to 2θ = 6.68° (d001 = 13.23 Å) for 12 h of polymerisation (Figure 1(b) ) and 2θ = 6.3° (d001 = 14.03 Å) for 5 h of polymerisation respectively (Figure 1(c) ). These results indicated that longer polymerisation time did not further promote the interaction of MMT. It was reported that intercalation of CO 2 could cause an expansion of the interlamellar spacing of hydrated MMT in scCO 2 /H 2 O biphasic media [17] . The hydrophilic monomers were then intercalated into the clay layers followed by free radical polymerisation. The heat of polymerisation further promoted the polymer intercalation into the clay layers. Besides, the amorphous nature of hydrogels makes it possible to dissolve CO 2 in water or adsorb by the polymer matrix [22] . After polymerisation, a rapid depressurisation process was carried out and this led to a big change in the density of scCO 2 , which may help to push the clay platelets further apart. As a result, it was more likely for the hydrogel, which was prepared at shorter polymerisation time, to achieve better intercalation owing to the more flexible polymer chains and lower crosslinking degree. Compared with the pure MMT, the d001 peak shifts of MMT in the hydrogels towards low angles were not remarkable. However, the peaks became noticeably wide and weak. This indicated the layers became disordered. For the control sample, similar peak was observed (Figure 1(d) ). This indicated that intercalation effect of CO 2 was not very marked in such high content of clay. 
TEM analysis
TEM analysis is a complementary technique of XRD to characterise the nanocomposite structures. Figure 2 showed the TEM micrographs of the control hydrogel (Figure 2(a) ) and poly(DMAPMA-co-AA)/MMT amphoteric nanocomposite hydrogels containing 15 wt.% of MMT at 12 h and 5 h of polymerisation times respectively (Figure 2 (b) and (c)). It can be seen that the clay platelets had been partly intercalated (the encircled part in Figure 2(b) ) or exfoliated (the encircled part in Figure 2 (c)) into the poly(DMAPMA-co-AA) matrix in scCO 2 /H 2 O biphasic media. Besides, unintercalated clay platelets were also observed. For the control hydrogel, no obvious intercalation or exfoliation was observed. The TEM observation was consistent with the result of XRD analyses. However, in our previous work, good intercalation even exfoliation of MMT was observed when the same intercalating agents were used at low content of clay in aqueous media (below 10%) [25] . It indicated that clay agglomeration might not be avoided even if using scCO 2 to facilitate intercalation when the clay content was high. 
Morphology of amphoteric nanocomposite hydrogels
The morphologies of freeze-dried amphoteric nanocomposite hydrogels were also studied by means of SEM after the samples were swollen up to equilibrium in water. It could be seen that two amphoteric nanocomposite hydrogels at different polymerisation times showed different three-dimensional polymeric networks structure. After 12 h polymerisation, the network wall of the hydrogel was thinner, and the surface was undulant (Figure 3(a) ). In contrast, the hydrogel displayed obvious porous structure after 5 h of polymerisation (Figure 3(b) ). This can be explained as that the hydrogel may undergo striking physical change during the fast scCO 2 depressurisation [26] , hence more pores were introduced for the loose polymer network. It was expected that the interconnected porous structures could facilitate swelling and deswelling by water convection. Figure 4 displays the FTIR spectrum of the poly(DMAPMA-co-AA)/MMT hydrogel. The peaks at 1037 cm -1 and 567 cm -1 were attributed to the Si-O stretching and Si-O bending vibrations [27] . (Al, Mg)-OH vibration and Al-OH stretching were observed at 765 cm -1 and 604 cm -1 [28] . These results confirmed the presence of MMT in the hydrogel. It also shows N-H bending or -COO -around 1603 cm -1 and a C=O stretching around 1412 cm -1 from the hydrogel [28] . Besides, the chemical compositions of the hydrogel were also measured using element analysis techniques. N element content of 2.642 wt.% showed that the composite hydrogel was composed of 16.00 wt.% of DMAPMA. C element content was measured as 38.76 wt.%, so the actual content of C in AA and neutralised AA of polymer chains was calculated as 28.76 wt.% after excluding 10.00 wt.% of C element content of DMAMPA. It was concluded that the total content of AA and neutralised AA was 58-75 wt.%. As a result, the clay content in the composite hydrogel was 9-26 wt.%. Such high clay content can be further confirmed by the very strong peak at 1037 cm -1 in the FTIR spectrum.
FTIR analysis
Proposed mechanism for the preparation of poly(DMAPMA-co-AA)/MMT amphoteric nanocomposite hydrogel
According to the results above, the preparation mechanism of the poly(DMAPMA-co-AA)/MMT amphoteric nanocomposite hydrogel was proposed in Figure 5 . Firstly, the MMT was dispersed naturally in deionised water. Then DMAPMA and AA were added and some of them entered the silicate layers of MMT by cation exchange (Figure 5(a) ). When CO 2 was filled into the vessel and reached in supercritical conditions, AA and DMAPMA were also partly dissolved in scCO 2 ( Figure 5(b) ). Then the monomers carried out free-radical polymerisation inside or outside clay layers under scCO 2 condition and the gallery of MMT was further intercalated. Finally during rapid depressurisation process the density change of scCO 2 helped to push clay layers apart ( Figure 5(c)-(d) ). Moreover, the porous structure was achieved ( Figure 5(e)-(f) ). The hydrogel after 5 h of polymerisation was fluffier than the hydrogel after 12 h of polymerisation owing to loose polymer network. The fact confirmed the XRD and SEM analysis. 
Swelling behaviours
In practical applications, not only a high swelling capacity is required, but also a high swelling rate. We immersed the hydrogel in 500 ml deionised water to observe the swelling behaviour directly. Only a few minutes later the hydrogel reached equilibrium state ( Figure 6(a1) ). Then the swollen hydrogel was transferred into ethanol and the deswelling was also completed in a very short time ( Figure 6(a2) ). Figure 6(b) showed the swelling rate of the hydrogels at different polymerisation times in deionised water at consecutive time intervals. The swelling behaviours for the two hydrogels were quite similar. Initially, the swelling rate increased sharply, and then began to slow down. It took only 10 s to reach equilibrium state, implying that the samples had quite fast swelling rate. Moreover it was observed that the hydrogel prepared at 5 h of reaction time showed higher swelling capacity. Combined with SEM morpholoty, it can be concluded that the superfast swelling rate was caused by porous structure. The deswelling properties of the swollen hydrogels in ethanol are shown in Figure 6 (c).
All of the swollen hydrogels displayed fast responsive properties once transferred into ethanol and reached deswelling equilibrium within 10 s. The amphoteric nanocomposite hydrogels indicated superfast swelling-deswelling properties and would have potential applications in modern agriculture and horticulture.
To determine the swelling behaviour in different aqueous environments, 0.9 wt.% NaCl solutions were also chosen as the swelling media. Figure 6(d) showed that the hydrogels reached swelling equilibrium within approximately 10 s. The hydrogel prepared for 5 h also showed higher swelling capacity. It was also demonstrated that the ionic strength had a strong effect on the water absorbency of hydrogels. The hydrogels swell to a less degree in NaCl solution than in the deionised water owing to reduced osmotic pressure outside and inside of hydrogel network, as well as the shield effect of Na + ions in saline water.
Swelling kinetics
In this section, Schott's second-order swelling kinetics model [29] was introduced for evaluating the kinetic swelling behaviours of the amphoteric nanocomposite hydrogels.
Here, Q t (g/g) is the swelling capacity of the hydrogel at time t (s); Q ∞ (g/g) is the theoretical equilibrium swelling capacity, and K is (g/g s) is the initial swelling rate constant. On the basis of the swelling data in deionised water and saline solutions, Figure 7 depicted the swelling kinetic curves of the hydrogels in deionised water and saline solutions respectively. The plots of t/Q t vs. t gave perfect straight lines with good linear correlation coefficient, indicating that the Schott's swelling theoretical model was suitable for evaluating the kinetic swelling behaviours of the amphoteric nanocomposite hydrogels. Also, by the slope and intercept of each straight plot, the swelling kinetic parameters including Q ∞ and K is can be calculated (Table 1) . It can be noticed that the values of Q ∞ were almost equal to the experimental equilibrium swelling capacity. K is of the hydrogel at shorter polymerisation time was obviously larger than the one at 12 h polymerisation time, indicating that the shorter polymerisation time was favourable to improve the swelling rate of the hydrogel owing to loose and porous structure. Compared with other nanocomposite hydrogels, the poly(DMAPMA-co-AA)/MMT amphoteric nanocomposite hydrogel prepared in scCO 2 showed much faster swelling rate (within 10 s). In contrast, the nanocomposite gels prepared by electrospinning treatment method reached equilibrium in 120 s [30] . K is values of some other porous hydrogels in deionised water were 10-60 (g/g s) [31] [32] [33] , which was lower than K is of the hydrogel in the present study. We attributed the fast swelling rate to the effects of scCO 2 , which led to porous structure.
Conclusion
Fast-swelling amphoteric nanocomposite hydrogels were prepared by in-situ polymerisation of hydrophilic cationic and anionic monomers in the dispersion of MMT in scCO 2 /H 2 O biphasic media. scCO 2 was utilised to dissolve hydrophilic monomers and disperse MMT. Polymerisation of cationic and anionic monomers in scCO 2 /H 2 O biphasic media followed by rapid depressurisation led to porous structure. The results of swelling kinetics indicated a very fast swelling-deswelling and implied that the dramatic CO 2 expansion was a key factor in preparation of fast-swelling nanocomposite hydrogels.
